The scalar potential of the Minimal Supersymmetric Standard Model (MSSM) admits the existence of vacua with non-vanishing expectation values of electrically and color charged fields. If such minima are deep enough, the physical electroweak vacuum is rendered unstable by quantum tunneling. By comparing the lifetime of the electroweak vacuum with the age of the universe, the MSSM parameter space can be constrained. Furthermore, the appearance of charge and color breaking minima associated with the stop sector is strongly correlated with the Higgs mass, which has been recently measured at the Large Hadron Collider. We carry out a metastability analysis in the stop sector of the MSSM, improving upon previous results. We exclude parts of the parameter space allowed by the Higgs mass measurement.
Introduction
Supersymmetry predicts the existence of scalar partners for the Standard Model (SM) fermions. These scalar fields can stabilize the electroweak scale against large quantum corrections. One consequence of these extra degrees of freedom is that the potential can develop minima other than the electroweak (EW) vacuum. These minima can have non-zero expectation values for charged and colored scalar fields. If these charge and color breaking (CCB) minima are global, the EW vacuum is destabilized by quantum tunneling. The lifetime of the false vacuum can be computed and compared with the known age of the universe t 0 = 13.8 Gyr allowing us to place constraints on the model parameters.
Vacuum stability in the Minimal Supersymmetric Standard Model (MSSM) has been considered before [10] [11] [12] [13] [14] [15] . However, the recent discovery of the Higgs boson and measurement of its mass at the Large Hadron Collider (LHC) [1] compels a more careful study of this issue. The Higgs mass in the MSSM relies on large looplevel corrections to be consistent with the experimental value of ∼ 126 GeV. These corrections depend primarily on the scalar top (stop) masses and mixings, which enter the scalar potential and can lead to the appearance of CCB minima. This connection between the Higgs mass and metastability is described in Section 2.
In this study we seek to update and clarify the stability and metastability bounds on the parameters in the stop sector of the MSSM. In particular we investigate the correlation between the Higgs mass and vacuum stability. We consider only zerotemperature tunneling in order to remain model-independent with respect to the thermal history of the universe. In Section 3, we find that metastability provides an important constraint on the MSSM parameter space, which is complementary to the Higgs mass bounds. These preliminary results are more constraining than expected from previous studies. We conclude in Section 4.
Vacuum Stability in the MSSM
The Higgs boson mass in the MSSM at one loop is approximately [2] 
The tree-level piece (first term) must be smaller than m 2 Z , therefore requiring the loop corrections to be large, O(30 GeV). One way to achieve this is to increase the mean stop mass M S = (mt 1 mt 2 ) 1/2 . However, if the theory is to remain technically natural, at least one light stop is required [3] [4] [5] . This can be achieved by considering large stop mixing, i.e. values of the mixing parameter X t that maximize the second term in Eq. 1. This occurs for X t /M S ≈ ± √ 6. The stop mixing parameter X t = A * t −µ/ tan β is related to the trilinear terms in the scalar potential:
Large mixing X t typically requires the trilinear stop coupling A t to be large, which can induce the appearance of a minimum with non-zero expectation values of the stops. If this CCB minimum is global (which depends on the size of the quadratic couplings, in particular the stop soft masses, m
and m
), tunneling out of the EW vacuum becomes possible.
The tunneling rate to the CCB vacuum can be computed using the CallanColeman method [6, 7] . The false vacuum decay rate per unit volume is
where B is the Eucledian action of a classical field configuration called the bounce.
The (meta) stability of the EW vacuum then requires
where the coefficient C in Eq. 3 can be estimated on dimensional grounds to be ∼ (100 GeV) 4 * . The decay rate cannot be computed analytically even in the simplest case of a single field scalar potential. Numerical algorithms for the computation of the bounce with an arbitrary number of fields exist [8] . Here we employ the code CosmoTransitions [9] to compute the tunneling rates. We also check these rates using an independent code.
A previous numerical analysis of metastability in the MSSM yielded an empirical upper bound on the size of the trilinear term [10]
relaxing the frequently used analytic bound †
from Ref. [15] . The latter bound is implemented in the supersymmetric spectrum calculators SuSpect [16] and FeynHiggs [17] .
In the next section we investigate the validity of this numerical bound in combination with the correct Higgs mass constraint in the MSSM. * The constraint of Eq. 4 is only logarithmically sensitive to C. Larger energy scales associated with the CCB minimum can make C larger, making the bound of Eq. 4 more constraining. Thus this choice is conservative.
† This bound is neither necessary nor sufficient. See Ref. [11] for a discussion.
Preliminary Results
In order to make the tunneling calculation more tractable we consider a restricted field content with only real valued H 0 u , H 0 d ,t L andt R fields. We use the tree-level MSSM potential, taking all parameters to be real. To illustrate the general constraints on the MSSM parameter space, we show in Fig. 1 , making sure there are no tachyonic sfermions in the SML vacuum. For each set of parameters we search for a global CCB minimum and, if it exists, compute the tunneling rate out of the false SML vacuum. The tunneling rate is then compared to the age of the universe using Eq. 4.
In the left plot of Fig. 1 we show the results of this analysis for an arbitrary Higgs mass. Every plotted point represents a model with a global CCB minimum. The red points have B/h < 400 and are therefore unstable and can be excluded. The blue points are viable models, with B/h > 400 and a metastable SM-like vacuum. For small mass squared parameters and large mixings, the mass eigenstates become tachyonic, which cuts off the bottom part of the unstable region. This plot is a direct comparison with the result of Ref. [10] . We find stronger limits than the empirical bound from Ref. [10] (black dotted line).
In the right plot of Fig. 1 we include the Higgs mass constraint. We use FeynHiggs to compute m h at two loops [17] . Here we are required to specify the other soft supersymmetry-breaking parameters; we take mf = 2 TeV and A f = 0 for all sfermions other than the stops, and M 1 = 300 GeV, M 2 = 600 GeV, and M 3 = 2000 GeV for the gaugino mass parameters. The colored bands contain models with Higgs mass in the range 123 GeV < m h < 127 GeV. For large mass squared parameters and small mixings, there is no global CCB minimum and the model is absolutely stable; these models are shown in pink. Models with a deep CCB minimum are shown in blue and those that are unstable in red. We again find that metastability is able to constrain the relevant parameter space, contrary to what one would expect from Eq. 5 (black dotted line).
Conclusion
We have demonstrated that stability of the Standard Model-like ground state in the Minimal Supersymmetric Standard Model can provide an important constraint on otherwise viable parameter space. Our results differ significantly from a previous numerical study [10] , showing that metastability is more constraining than expected. It is therefore important to ensure that the numerical methods used to compute the tunneling rates are under control. We perform these consistency checks in Ref. [18] . 
123 GeV < m h < 127 GeV PRELIMINARY SML CCB S < 400 Analytic Bound Empirical Bound Figure 1 : Metastability in the MSSM. In the left plot we do not impose the Higgs mass constraint. Here every point is a model with a global CCB minimum; for red points the tunneling rate out of the SM-like minimum is too fast and these are excluded; blue points represent viable metastable points. In the right plot we include the Higgs mass constraint. Here blue points are models with a global CCB minimum; red points are excluded due to instability; pink points have an absolutely stable SM-like (SML) vacuum. MSSM parameters used in these plots are described in the text.
We have shown results for a particular choice of MSSM parameters. In Ref. [18] we investigate the detailed dependence of the metastability limits on these parameters. We also consider flavour and electroweak precision observables.
